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'iii The AMT method utilizes electromagnetic energy from distant sources

L:permifting a plane-wave assumption. While artificial or natural sources
‘l*may be used, most work has been done with natural sources because of the
]f‘convenienee'of not having to provide a strong source field. This is not

f';without its attendant problems however because of the vagaries of natural

signals. Our work has used natural sources, with the exception of . the

: %pper end of our operating frequency spectrum. The frequency range covered . ..

* with our system is from the first Schumann resonance at about 8 Hz to

18,600 Hz where a convenient source is available from the Navy broadcast

‘station NLK at Jim Creek, Washington.

The useable natural energy for AMT exploration originates in worldwide

1ightning storms, with the principal ehergy coming from tropical storm cells

- most frequent during the summer months. -The method.has been well described

by Strahgway and others [1973], in relation to mineral explorations. The

deta1]s will not be repeated here. For our purposes it is sufficient to know

that the scalar apparent resistivity is given by,

1. fgp:: 1 LE;_! * ohm metres where f = frequency in‘Hertz
ot ' ' EX = horizontal x‘directed e]eetric
field in microvolt/metre :
Hy = horlzontal y directed magnet1c
’ ‘field in gammas | )
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Hence to determine the apparent resistivity at a given frequency the
‘mdiua]Ty orthogonal electric and magnetic fields of the distant Tightning

are measured. The skin depth, , is an approximate measure of exploration

| depth and‘is»given by,

2§ =503TZ

"Thﬁs the makimum exploration depth varies with the square root resistivify

i Strangway and Vozoff [1970], evidence for lateral resistivity changes

'S

lOf the sectxon and with the inverse square root of frequency.
[
i Briefly some character1st1cs of the method as they relate to

geothermal exploration are given below. ~As this is an e]ectromagnetic-'

‘teehnique it is particularly adapted to looking for conductive bodies
,vreiated to hot saline waters. A disadvantage in a horizontally layered
- situation is that a resistive layer under a conductive one must be 2 to

.;3'times\as thick in order to be seen in the sounding data. The depth

resoiution is not as good as in Schlumberger sounding. Equatioh 2

 shows that the depth of exploration is a function of the resistivity
: so>that apparent resistivity maps at a given frequency may represent ‘
“'w1de]y vary1ng depth samples. This must be kept in mind when viewing

o the maps presented later. The maximum exploration depth ‘in our AMT

3

system.is at. 8 Hz where the skin depth is from 176 metres in 1 ohm metre

. mater1a1 to 5.6 km in ]000 ohm-metre mater1a1

From our experience and that of Strangway and others [1973], and .

are common on AMT sound1ng curves.  This raises problems in one

dsmens1ona1 inversion of the scalar resistivities, and suggests that

the tenser AMT method is preferable [Strangway and Vozoff ]970;»Pound‘
3

- metres if 2 is expressed in ohm metres.
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and other 19737.

We now have developed a tensor AMT system but the

ex amplea d1scussed here will be entirely from our scalar Jystem vFor‘

reconna1ssance explorativa the simplicity and genera] effect1veness of

the AM1 technlque should be evident in the examples that follow.

,‘1.' "

Equipment and Operations

Our iﬁstrument system consists of two matched narrow band, se]ective]y

L tuned vo]tmetefs

An envelope deteCtor is used on the output w1th a

istr1p chart recorder providing visual output. wh11e s1gn1f1cant]y

l1ncreas1ng power consumpt1on the chart recorder was of major help in

~in our early development work.

ﬁ}fjd1st1ngu1sh1ng 11ghtn1ng signals from other spur1ous events part1cu1ar]y

The inputs to the vo]tmeters are from a

100 metre telluric dipole and an orthogonal ferrite- cored c011 Details

!_available*to define a éounding curve, 7.5,

1200, 3300, 6700,

"elj Hoover and Twppens,1974].

f}'and North‘Dakota.

10,200 and 18,600 Hz.

'ff}of the equipment have been described previously [Hoover and others 1974

At the present t1me 12 field frequenc1es are

10, 14, 27, 76, 285, 685,

At the two highest frequencies

_signais ere obtained from convenient VLF broadcast stations‘ih Washington

‘ FigU%e-] shows typical data from several records. Resisfivities'at

*(‘each frequency are computed in the field during the record1ng operat1on
g 5.uswng an Hew]ett Packard HP 65 calculator. The log of the re51st1v1ty
’e, 1s p]otted aga1nst the inverse log of frequency, Flg 2, to g1ve an’ AMT '
f?f‘soundlng<curve comparable to a Schlumberger sounding. Generally 10 ;. .

| v‘dlstlnct h1gh amplitude events are read, the apparent res1st1v1ty

ca]cu]ated from equation 1, and the average and standard: dev1at10n computed

minimized and better reproducibility is obtained.- Genera]ly;itwoesoundings |
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arc made at each site one with the telluric line oriented north—south

~and another east-west.’

= Pue to poor signal conditions we seldom record at 10 and 1200 Hz.

: 'Signals are_usually good at 27, 76 and 6700 Hz, and above. The other~
pfreduehéies exhibit-variable signal conditions. Signals have 2 seasdhaly
| peak in the summer particularly for the mid-frequency range. Because

f ' . . s . . ) 5
- of weak signa]s during the winter season, a question existed as to

whether effect1ve operations could be conducted during this t]me (Pound
and others,}1973). We have conducted a survey in December w1th success

at the l6Wer'frequenc1es, although signals from 285 to 3300 Hz were

generally absent. The lack of mid-range data is a problem for inversion
vOf the souhding data; however, apparent resistivity maps at the 1ower;k
: frequehciesware quite sufficient to define anomalous areas for more

:';definffiveifollow-up work.

‘Field operations require two persons operating from a carryall or

. 'témper vapicaily 4 stations or 8 soundings are obtained per day

Productxon is expected to be about doubled in our new system g1v1ng a .

- very cost-effect1ve reconnaissance operation.

AMT Surveys

In our reconnaissance work the soundings are plotted as the data are

recorded and several apparent resistivity maps prepared in the field to
guide the surveying and aid in site selection. This has proven to be |

"an important aspect in the effectiveness of AMT surveyihg After fhe'

f1e1d survey has been completed apparent res1st1v1ty maps are prepared

) for all frequencxes of interest. As a ru]e, a map at 7 5 Hz"is prepared
- by averaging values for the two sounding d1rect10ns because of poorer

‘,data qualxty at this frequency. In addition, two 26 Hz maps are usual]y

5
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- prepared to indicate effects of lateral variations which may be present.
~Dften pseudosections will be prepared as aids’ in understanding resistivity

_gvarﬁations'and also to indicate the variation in exp]oration depth.

Due to space limitations only a few of the flgures ava1]ab]e from

';each of the geothermal areas will be shown, to 111ustrate the app]]catxon
- of the tQChﬂ?QUG and how it can be used in an exploration program. |
"dFuf;hér details may be obtained from our open file data. A companion

' ffpaper.by Pd>W111iams and others in this symposium i]]ustrétes the
i~1ntegrat1on of AMT data from the Raft River, Idaho, 1nto a comp]ete

| exp]orat1on package

A':_The‘Long Valley caldera in eastern California was the first area in

AWHich our AMT equipment was tested in conjunction with other geophysical
" methods. Details of the studies are given by Hoover, Frischknécht and,-
| dTippens (1974). Figure 2 shows four soundings takenvgt tWo sites in -

‘ Long Valley. These data are typical. The station-1 sounding shows

typical reproducibility of the two sounding orientations where no 'j*[

-evidence for lateral effects are present. Station 14 illustrates

0bv1ous ]atera] effects at the lower frequencies. In this case the

‘Iateral effect is attributed to a known fault and hot spring about. ]00

metres east of the sounding station.

’”'; Figures 3 and 4 show the two 26-Hz apparent-resistivity maps in

fLohg'Valley'for the two polarizations. The map showing rock types is d

- adapted from R. Bailey (1974) is also shown in Figure 3. The two maps

show a region of low resistivity in the south-central part of the

3 caldera about where the Hllton Creek fault enters and splays north and

f northwestward The principal hot spring actquty is near, or contavned-‘
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*:in:the area outlined by the 45 ohm-metre contour in Figure 3. There
;%s no obvious correlation between the AMT dat; and the surficial geology.
'rTheiieaking of this geothermal system to the surface appears to be along
“the north to northwest faults within the caldera from a deep source
.(Stanley, Jdckson and Zohdy, 1974). The AMT data appears to ref]ect‘

the reg1on vhere the most extensive leakage and alteration has occurred

w1th1n the upper part of the ca]dera

. 'The lower apparent resistivities seen in the data for north-south

“orientaticn of the telluric line is probably related to the predominant

north to northwest fault trends. The southern edge of the caldera is
well defined on the maps by the steep resistivity gradient seen as the
Sierra batholith is approached. |

Figure 5 shows a comparison between the 26 Hz average AMT

ﬁresistiyity data and a composite total field resistivity map from
- Stanley, Jackson and Zohdy (1974). There is good agreement between
- the data sets in the low resistivfty zone. This is particularly true .

when consideration is given to effects of lateral variation and varying

LN

depths of exploration of the two techniques. The southern edge of the

caldera is more clearly defined by the AMT survey prbbably due to

the greater influence of lateral effects, and a higher resistivity -

‘contrast in the upper part of the section.

The Island Park topographic basin in eastern Idaho adjacent to

' Yellowstonp National Park is an area of extensive leasing a€h1v1ty.

///-"

- Current geolog1c evidence suggests that a Ye]lowstona\fyp eystem does
f_not ex1st}at Island Park because the last major rhyolite body was

" ‘emplaced about one million years ago and subsequent eruptions were of .
- , Y - ‘
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basa1t1c composzt1on coming from the mantle along fractures in the

-ﬁﬁﬂgeneral absence of hot springs also suggests an old system AMT and
5¥te11urlc surveys were made in August 1974 to study the POSq’b]e
*hex1stence of concea]ed hydrothermal activity. ‘ “ |
o The genera11zed geology of rock types in the ca]dera 15 shown.1n

fffjhgure 6 with ‘the 7.5-Hz N-S AMT data. The caldera stands out.as an-

”{fa regxon of 1ntermed1ate values. Within the caldera 1oca1 h1ghs around
giw1000 ohm metres are associated with small rhyolite domes on the surface,f
>tfand most1y h1dden by later basalt flows. The AMT data shows the ’,sﬁfiﬂ
‘ujpos51b111ty of another rhyolite body on the western rim’ of 1ts ca]dera
,‘ﬁwh1ch has been covered by tuff and rhyo]1te f]ows, and may represent

ffa source: for some of these materials. B

-

An east west cross-section is shown in F1g 7. Included ln the

‘7‘;re515t1v1t1es at their corresponding skin depths on the sect1on, and a.
*ﬂsecond section obtained by one-dimensional inversion of the same sound1ng
wf?curves The corresponding gravity and magnet1c data show1ng an edge
.hwf%of the body near station 11. The gravity data shows a high assoc1ated
fwlth the ca]dera partly masked by the flanks of the extreme low
iassoc1ated thh the Yellowstone region. . w_.  s
The tellur1c survey data appears in Fig. 8 wh1ch shows a high degree

fof corre]atxon w1th the AMT data.  Telluric data was . obta1ned ln the

wf:nstﬁﬁ o‘n~metre mater1a] The h1gh res1st1v1ty mater1a1 1n thé

“‘Ider ca]der (R L. Christiansen oral commun1cat10n, ]975) The,‘i-l~‘ 4‘

iﬁarea of h1gh resistivity, generally above 100 ohm- metres, surrounded by'*"

~"‘-“thure 1s a sk1n depth pseudosect1on obta1ned by contour1ng, the apparent

e
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:f911uric‘map, and even the swaller higﬁ on the western edge can be seen
T as we]].. he telluric data also clearly shows the caldera as a region
‘Df high resistivity. This implies that the caldera has cooled, fhat
 fhere is:]itt1e rock alternation and that the area is not now a very

'tfpromising exploration target. The high resistivities in Island Park

basin clearly support Christiansen's inferences.

A small region near Vale, Oregon, has been classed as a known

~‘geothermal resource area (KGRA). Hot spring activity occurs_at . the

town of Vale and at two locations near the neighboring town of Weiser,

~Idaho. * This area is in the Snake River basin [Newton and Corcoran, 1963]

which is on the western edge of the Snake River Plain. The basin is

underlain by a thick, at least 1.5 km (5000 ft) and possibly 4.6 km

(15,000 ft) section of principally nonmarine Cenozoic sediments. The

area shown in Figures 9 and 10 is covered almost comp]eteiy by Idaho

Group of Pliocene and Pleistocene age made up of gravel, sand, silt,

clay, and ash. In the middle of the basin, which isicenfered in the

‘mapped area; the Idaho Group is at least 1.2 km (4000) to 1.5 km (5000)

feet thick as shown by a number of gas wells drilled within the basin.

" 0lder Tertiary rocks crop out around the edges of this region with the .

principal one being the Columbia River Basalt Group. Structural trends

south of Vale are principally north-south, bending more to the northwest

in the vicinity of Weiser.
“Figures 9 and 10 show the two 27-Hz AMT maps obtained in the bas{ﬁ.
~ As the Crane Creek hot springs northeast of Weiser one of the lowest

“.apparent resistivities was measured, 0.5 ohm-metres, at 8 Hz. The

maps in the Weiser region shows rather complex structures and evidence -
of much}]atera] change. The higher resistivities in the northern part

9
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of the aroa are assoc1ated with older rocks at the edge of the Idaho

f“bathol1th .
B | NlthIn the basin proper, the principal trend in the e]ectr1ca]
~{?data is notthcast A resistivity low runs through Vale and extends ;
~f:about 20 Pm to the southwest. Extension of this trend'northeast runst,n‘f'
.‘;;anto the 1ow at Crane Creek about 20 km northeast of Ne1ser Ahiaééjpf\“
{éhhlgh of about 16 ohm-metres, just north-east of Vale apparent on]y 1nm_:

A

?g}compr151ng Ma]heur Butte next to which the sound1ng was made 'Thisﬁis o

};fh smal] promunent p1ug in the region whose emp]acement may be structurally
V?re]ated to th1s same northeast trend. | ‘ | | ‘,
because of the low res1st1v1t1es in the basin, the depth of AMT

“._eXplorat1on does not in most p]aces extend below the sed1ments w if

QNS T SR e

t;_attr1bute the anoma11es to hot, saline waters and a]terat1on w1th1n the

°“‘7:Sed1mentary sectlon It is interesting that the electrical trends do

Q"not co1nc1de with the surface structural trends. Leakage of the
;&L'w;jfgeothermal system to the surface however is probably a1ong fau]ts in ’hh‘
f;%liﬁﬁfthe sed1mentary section. This same observation has been made in other |
‘haf?!?freg1ons~-most clearly in the Surprise Valley, Ca11forn1a, KGRA where f’”

”};north trend1ng basin-and-range fau1t1ng is prominent yet the trend of‘ :
fithe data re]atlng to the geotherma] system implies a northwest d1rect1on.
A te]luric survey was made in the Va]e, Oregon area and the data a.”
”ate shoun 1n Figure 11 The corre]at1on of this map W1th the AMT data )

aiéjnot as d1VLCt as in Is]and Park wh1ch mlght be expected The AMT

R

f?survey 15 samp]1ng pr1nc1pa11y the young ba51n sed1ments whlle the f'ﬁf

W;(}te?]uric data samoles a larger part of the crust and may he ref]ectxng

. F\g 10 a]so is on this same trend. The high is re]ated to. the.rocks';';ﬁe‘t,







~”;Geologzca} Survey 1s»us1ng this method. Several types of data

At this t1me we be11eve that
r‘»to intermcdiate depth systems. In the reconnaxssance.phase it is best
technlques wh1ch g1ve 1nformat1on at greater depths.5 AMT exp]oratxon

15 not meant to subst1tute for ‘more convent1ona1 res1st1v1ty methods' 

| uhich where appllcab1e can give a more definitive model of re513t1v1ty

‘;fyf- ¥ areas for more exhaust1ve fo]]ow-up surveys.

12
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used 1n congunctwon wwth standard low-frequency te11ur1c or. magnetote]1ur1c;

layerlng 1n an area. It is. intended as a cost- effect1ve tool to de]wneate
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'ff'Hdover, D. B. and Tippens, C. H., 1974, A reconnaissance audio-magneto~
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north-south), Long Valley, California. Contours in ohm metres;
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F]gure 7 --Comparlson of skxn depth pseudo=ectwons and one dwmcnsvon

1nverted“spct1on w1th grav1ty and,magnet1c,data across the‘IéTahd;JNv

Park area L'me of section shown on figure 6;'
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Figure 8.--Telluric anomaly map at 20-30 sec period, Island Park, ‘Idah‘o.j"
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Figure 9.--27-Hz apparent-resistivity map (telluric line }north-south),

Weiser, Idaho-Vale, Oregon. Contours in ohm metres.
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Flgure 11 ——Te]]ur1c anoma?y map at 20 30 sec per1od Vale, Oregon—f ,

B we1ser, Idaho Contour 1nterva1 2K 10¢/ J , ;,¢j"'13ﬂ¢‘ty” 




